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ABSTRACT

High-purity hydrogen is a crucial input in a crude oil refinery to upgrade several products. For
this reason, the effective hydrogen management is necessary to satisfy hydrogen requirements.
On the other hand, adding exergy analysis to the hydrogen pinch analysis especially for refinery
plants, where hydrogen reacts under high temperature and pressure, helps improve the efficiency
of unit by overcoming the lack of pinch analysis. The aim of this study is the simulation and
exergy analysis of reactors within hydrogen network integration of a petroleum refinery
retrofitted by pinch analysis before. Two hydrogen production and four consumption units were
considered and simulated by Aspen Plus, and then the exergy efficiencies were calculated. Low
exergy efficiencies were determined in the hydrogen production and hydrodesulfurization units,
whereas the separation of excess hydrogen from the desired product considerably effected on
the efficiency. The results also show that not only the hydrogen demand of reactors has to be
reduced, but also the hydrogen recovery and purification is very important for the increase in
efficiency. Although the processes are carried out at the high operating conditions, the reactions
significantly affect the total exergy flow rate
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Nomenclature Co carbonmonoxide
C carbon CO, carbondioxide
Ci2Hz2  bicyclohexyl H> hydrogen

Ci2HsS dibenzothiophene HO  water

C:Hg  ethane H2S hydrogen sulphide
C:HeS  ethyl-mercaptans -

CoHeS dimethyl-disulfide B exergyrate (k)
CsHs  propane H enthalpy rate (kJ)
CsHip butane S

CsHsS  thiophene .
CsHs  cyclobutane m

entropy rate (kJ)

CsHio  cyclopentane

CsHy»  pentane

CsHi2  methyl-cyclopentane or cyclohexane
CeH1a  2-methyl-pentane or 2,3-dimethyl-butane
CeéHs  benzene

CsH1a  methyl-cyclohexane

CsHis heptane

CsHis  ethyl-cyclohexane

CgHis octane

CsHeS  benzothiophene

CH,4 methane

mass flow rate (kg/s)

€ standard chemical exergy (kJ/kg)
X mole fraction

Subscripts

0 reference conditions

k component

ch chemical

ph physical

Acronyms

1SO isomerization

NHT  naphtha hydrotreating
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CCR  continuous catalytic reformer
SMR  steam-methane reforming
SSR semi-regen reformer

HDS  hydrodesulfurization

HC hydrocracker

LVGO light vacuum gas oil
HVGO heavy vacuum gas oil
LPG  liquefied petroleum gas

1. Introduction

In a petroleum refining process, crude oil is separated,
converted and turned into salable valuable products by using
hydrogen. While the main products are white products like
gasoline and heavy products like fuel oil, naphtha is an
intermediate product of the refinery and used to produce high
quality gasoline. Naphtha can be produced at each step of
complex, such as atmospheric distillation, hydrocracker, and
fluid catalytic cracker. However, each refinery that processes
unique composition of crude oil produces its own naphtha
composition, which separates as light and heavy naphtha [1].
The naphtha mainly has paraffin-type hydrocarbons that have
low octane number. It is possible to increase the octane
number by rearranging the molecular structures of the
paraffins without changing the carbon numbers, i.e. turning
them into isoparaffins by means of isomerization (ISO)
process. Isomerization reactions give an important pathway
for high-octane components in the gasoline [2]. Separation
and recovery of the unconverted normal paraffins from their
isomers play another major role in isomerate octane quality
[3]. For this process, the sulfur, oxygen and nitrogen
compounds in the structure of the naphtha are first removed in
the naphtha hydrotreating (NHT) units with the help of a
suitable catalyst in a hydrogen environment [4].

After NHT, the light naphtha is upgraded in the ISO, whereas
the heavy naphtha, typically contains C7+ hydrocarbons, is
sent to the continuous catalytic reformer (CCR) unit to
produce hydrogen used in refinery demand [5]. In addition,
benzene, toluene and xylene form in the reformer effluent.
Hydrogen recovery from CCR unit can satisfy the part of the
hydrogen demand in refinery but other external sources are
required. Most of the external hydrogen is manufactured
either by steam—methane reforming (SMR) or by oxidation
processes [6].

Environmental pollution has recently created severe fuel
regulations that the levels of sulfur compounds in fuels must
be limited to less than 10 ppm [7, 8]. To meet this requirement,
more efficient hydrodesulfurization (HDS) technology that
remove the sulfur-containing compounds, such as mercaptans,
thiophene (CsH4S), dibenzothiophene (Ci2HsS), and other
polyaromatic derivatives, has been intensely needed [9].
Similar to naphtha, the sulfur compounds in kerosene and
diesel as transportation fuels are also reacted with hydrogen
and converted to hydrogen sulfide (H»S) and other
hydrocarbon products (ethylbenzene, butene, bicyclohexyl

etc.). While mercaptans generally are present in naphtha,
thiophene and other compounds having higher molecular size
are situated in kerosene and diesel fuels [6].

Hydrocracker (HC) units is one of the hydrogen consumption
units in refinery and uses high pressure hydrogen to upgrade
heavier fractions into lighter, more valuable products, through
carbon-carbon bond breaking and hydrogen addition [5]. The
heavier unsaturated fractions obtained from the crude oil
distillation, including residue, applies to hydrocracking and
the main products have lower boiling points, are highly
saturated, and generally range from heavy diesel to light
naphtha.

Hydrogen management in refinery is a typical network issue,
in which hydrogen sources need to be matched with hydrogen
sinks. As hydrogen at high purity is a crucial input for these
units mentioned, its production and consumption should be
managed based on economic cost-driven analysis [10]. Since
the late 1990s, current methodologies published in extensive
researches, can be distinguished in two main categories, which
are; (i) targeting and design for minimum hydrogen utility; (ii)
mathematical programming for detailed design and retrofit
[7]. Pinch based conceptual methodology first proposed by
Alves in 1999 [11]. It is easy to understand and has the
potential to improve the efficiency of the mathematical
approach [12]. In addition to hydrogen pinch analysis,
mathematical approach is to formulate the hydrogen network
problem as a prevalent optimization problem, using a
convenient mathematical programming language [13].

Hydrogen network integration via the pinch analysis approach
has been known as an effective way of process optimization
[14]. The network integration has become prevalent because
of the economic concerns and sustainability. On the other
hand, exergy analysis, which takes also into account
irreversibility, is more applicable and much more powerful
thermodynamic tool [15]. Energy utilization options are
restricted by thermodynamic principles and exergy analysis
identifies the location, the magnitude, and the sources of the
thermodynamic inefficiencies in a thermal system [16].
Exergy analysis has been applied individually in many
different hydrogen production systems [17-21]. Although the
exergy applications on the NHT process also performed [22-
25], each model is a unique due to the unique naphtha
composition and simulation. While the exergy analysis of
cracking and reforming units has been performed in these
models, light-naphtha has been assessed together with heavy
naphtha, or only n-heptane has been choosen as a model
compound [26-29].

Even though lots of pinch analysis studies on the refinery also
performed [7, 30-32], the addition of exergy analysis to
hydrogen network has been a new trend for the last years [33-
35]. To improve the heat integration efficiency of refinery
plant units, the exergy was used instead of enthalpy in pinch
analysis [36, 37]. Lou et al. [12] developed the entropy
change-based design method for multi-contaminant hydrogen
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network by using mathematical approach. Though Wu et al.
[38] minimized the number of compressors and total exergy
consumption in the refinery hydrogen distribution system,
reactors in the network were not taken into account. The
exergy as energy performance, environment issue and cost
were generally selected as optimization objectives in other
previous researches [33, 35].

In typical hydrogen management exercises, the partial
pressure of hydrogen is assumed to be constant, as well as
other parameters such as reactor feedstock, products,
operating temperature, etc. However, the partial pressure in a
reactor is a significant parameter for the reaction [7]. Under
these approach, the efficiency of the reactor may not be
assessed merely by hydrogen pinch analysis. Adding exergy
analysis to the hydrogen pinch analysis especially for refinery
plants, where hydrogen reacts under high temperature and
pressure, will help improve this situation.

In this study, the exergy analysis is performed to current
hydrogen network of a petroleum refinery retrofitted by
hydrogen pinch analysis before. As the difference from other
studies, it is assessed exergy loss of reactors in the hydrogen
network. The energy and mass saving in related rafinery was
supplied before, and this present study focuses on the reactors
especially for investigating the energy bottlenecks. At this
point, the exergy analysis applied easily to various systems, is
most proper tool able to detect any source of this inefficiency.

In other words, it is target to ascertain undetected unit/units
that could be created any energy bottleneck at the refinery
hydrogen network. The simulation of network, in which
hydrogen sources were matched with hydrogen sinks, is first
created and then exergetic efficiency of entire reactors is
evaluated. Two hydrogen production and four consumption
units are designed by Aspen Plus V8 based on the operating
feed rates of hydrogen, and so each exergetic efficiency of the
reactors are calculated.

2. Process and methods

Process Description

The flowsheet of units in the hydrogen network corresponds
to the actual petroleum refinery. However, appropriate
changes and assumptions in the process have been made,
taking into account privacy policies. In this sense, the
hydrogen network comprises of all units that consume or
produce the hydrogen. This network is divided into two
production units and four main consumer units (Figure 1).
While the hydrogen is consumed in hydrotreating,
isomerization, hydrodesulphurization and hydrocracking
units, catalytic and steam reformer units contribute to these
units by hydrogen production. The general flowsheet of
hydrogen network is given in Figure 1 and the exergy analysis
has been conducted in the boundary of each unit shown as red
dashed line.
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Figure 1. Flowsheet of reactors on the petroleum refinery hydrogen network

Figure 1 is also shown the product distribution in the refinery
plant generally. Crude oil, signified as feed in Figure 1, is
mixture of hydrocarbon molecules containing C1 to C60.
Naphtha, kerosene and diesel are mainly produced as side
stream products by atmospheric distillation of crude oil,
whereas light vacuum gas oil (LVGO in figure) and heavy
vacuum gas oil (HVGO in figure) are produced by vacuum
distillation unit. NHT and 1SO processes are applied to crude

light straight run naphtha (C4-C6) for removing undesired
compounds and upgrading octane number. In the simulation,
the desired products form in vapor phase for these units, and
four NHT and one 1SO reactors are present in the rafinery
(Figure 1). The sulphur compounds in kerosene, diesel and
LVGO are removed in the HDS units with the help of a
suitable catalyst in a hydrogen environment, and the desired
products is obtained in liquid stream. For these three
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products, three different HDS reactors are present in Figure
1. Moreover, HVGO is fed to the HC reactor operating at high
pressure in hydrogen medium, to crack the heavy molecules
into lighter molecular weight compounds, with boiling point

Table 1. The compositions of entire feed and hydrogen streams

ranging from LPG’s to gas-oil’s. The desired products leave
from the cracker with hydrogen in the vapor stream. The
compositions of entire feed and hydrogen streams are given
in Table 1.

Unit Feed Composition (%ovol.)  Hz consumption (%)
NHT-1 Naphtha: C4H1o; CsH1z2; CeHua 30; 30; 30
NHT-2 ] . ] A A H,: 70%; CH4: 18%
NHT-3 C4Hs; CsHio; CeHua; CeHe 14,14,14,138 CoHe: 10%; CsHg: 2%
NHT-4 C,HeS; C2HeS> 2;2
Ha,: 90%; CH4: 6%
ISO NHT outlet CZHG: 3%, C3H8: 1%
Kerf)sene: r.1—C9; n-.Clo; n-C11; n-C12; n-C13; n- Each comp. 12.2 H,: 70%: CHa: 18%
HDS-1 C14; n-C15; n-C16; CoHe: 10%: CaHa: 2%
C,HeS; CoHeSs; C4H4S; CgHeS; C12HsS Each comp. 0.5 2rie 0 oerie. £70
DS Diesel: n-C18; n-C20; 47.5; 50 Hy: 70%: CHa: 18%
. 0 . . 0
C,HeS; CoHeSs; C4H4S; CgHeS; C12HsS Each comp. 0.5 CaHe: 10%; CoHa: 2%
HDS.3 LVGO: n-C25; 96; Hz: 85%; CH4: 9%
C2HsS; C2HsS2; CaHaS; CsHeS; C1oHsS Each comp. 0.8 C2He: 5%; C3Hs: 1%
He HVGO: n-C30; 95; Ha: 90%; CHj: 6%
C2HsS; C2HsS2; CaHaS; CsHeS; C1oHsS Each comp. 1 C2He: 3%; CsHs: 1%
CCR Heavy Naphtha: CeH12; C7H14; CgHue; 1; 21; 46;
CeHu4; C7H16; CeHuis 19:8:5
SMR Natural gas: CH4 100 -

High-quality hydrogen is consumed during the HC reactions,
and thus SMR is used to satisfy the demand. For production
of hydrogen, natural gas is fed to the reactor and the desired
product in vapor phase goes to the purification section (Figure
1). Even though the high-quality hydrogen is also used for
other consumer processes, CCR and semi-regen reformer
(SRR) are main units in the hydrogen network to produce
hydrogen. By using CCR and SRR, hydrotreated heavy
straight run naphtha (C6—-C8) is converted to hydrogen. In this
simulation, CCR unit is selected due to produce higher-quality
and -capacity hydrogen than SRR in the simulated plant. The
compositions of entire feed and hydrogen streams are also
chosen within actual refinery data and prototype calculations
are carried out. The process conditions and chemical reactions
in each unit are given in Table 2 and Table 3.

Table 2. The operating conditions of each unit

Flow H2 Flow
. Temp. Pressure
Unit C)  (kglcm?g) rates rates
99 (myh)y  (m¥fh)
NHT-1 200 30 60 600
NHT-2 200 30 150 1500
NHT-3 200 30 100 1000
NHT-4 200 30 60 2100
1SO 130 30 100 4500
HDS-1 340 35 50 2500
HDS-2 340 35 50 2500
HDS-3 340 65 400 40000
HC 390 155 120 37200
CCR 520 42 150
840
SMR and 20 43000
340
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Table 3. The reactions defined for each unit

Unit  Reactions Unit Reactions
C6H6 + 3H2 d C6H12
C6H12 + H2 d 66H14 CH4 + H20 - CO+ 3H2
NHT oS + Hy — CyHg + HyS SMR 0+ H,05C0, + H,
CoHqS, + 3Hy — 2CH, + 2H,S
C4Hg + Hy > n—C,H
e s CeHyp = CoHe + 3H,
CSHIO + HZ - n-—- C5H12
C7H14 i C7H8 + 31‘12
C6H12 + HZ - n-—- C6H14
C8H16 i C8H10 + 31‘12
n-— CSHIO + HZ 4 CH4 +n-— C4H10
ISO : CCR  Cel1a = CoHe + 4H,
n-— C4H10 Si— C4H10
C6H14 + HZ i C5H12 + CH4
n-— C5H12 Si— C5H12
C7H16 + HZ i l - C4H10 + C3H8
n— CgHiy S 1 — CgHyy (2-methyl-pentane)
) C8H13+H2 —)n—C4H10 +i—C4H10
n-— C6H14 Si— C6H14 (2,3'd|methy|'butane)
CsoHep + Hy > — CpoHap + 1 — CioHp,
CaoHap + Hy = — CioHpp + 1 — CioHp,
CioHyy + Hy > n—CsHip +i— CsH
C2H65+H2—>C2H6+H25 101122 2 51112 51112
C10H22 + ZHZ - n- C5H12 +n-— C4H10 + CH4
CZHGSZ + 3H2 - 2CH4 + 2H25
CioHyy +3Hy » i — C4Hyg + C3Hg + C,Hg + CH,
HDS  CaHaS + 3H, > CyHg + HyS HC
C2H6S + HZ d C2H6 + st
CsHGS + 3H2 - CSHIO + st
C2H6SZ + 3H2 d 2CH4 + 2H25
C12H85 + 8H2 - C12H22 + HzS
C4HaS + 3Hy = CyHg + HpS
C8H6S + 3H2 d C8H10 + HzS
C12H85 + 8H2 4 C12H22 + st

Modeling of Hydrogen Network

The cascaded units are simulated in software Aspen Plus V8.
The sequential simulation is performed on the boundary of
each unit and the inlet compositions are assumed by
considering the actual rates of hydrogen feed. RK-SOAVE
property method as the most suitable model for refinery
applications is chosen. Because each refinery that processes
unique composition of crude oil produces its own product
composition, the base case of units is provided by the actual
plant data at certain time depending on some appropriate
changes in operating conditions. In case fractional conversion
of reaction is known, RStoic reactor model is used in the
modeling. Other case, rigorous equilibrium reactor (REquil)
model is selected based on stoichiometric approach. The
fractional conversion for the most of the reaction is chosen as
minimum 0.90. However, n-hexane conversion to benzene in
CCR, n-pentane conversion to methane and butane in 1SO,
and methylcyclopentane conversion to hexane in NHT are
adjusted as 60%, 4% and 40%, respectively. The outlet
streams are cooled to 30°C, and the pressure of streams drops

to 5 kg cm3(g) so as to separate the desired product from
hydrogen flow.

Exergy Analysis

Considering the exergy analysis for hydrogen network, the
kinetic, potential, nuclear, magnetic, and electrical exergies
are neglected; therefore, the total exergy rate of each stream is
formed by sum of only chemical (E®") and physical exergies
(EPM). The physical exergy rates of streams are determined by
Aspen Plus according to the general equation [39], while
standard chemical exergy rates of any components in the gas
mixture is taken from basis of Szargut’s model [40]. As a
result, the equations are given as

Eph:(H_Ho)_To(S_So) 1)

EP =me®™ =m [Zxkéfh+RTOZxk Inx, | @
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where H is enthalpy flow rate, S is entropy flow rate, m is

mass flow rate, X is the mole fraction of ks, component, geh
is standard chemical exergy of ki, substance, R is gas constant,
T is the temperature of the environment whose temperature
and pressure are chosen as 298 K and 1 atm in present study.
Though the standard chemical exergy of most compounds is
taken from data of Szargut [40], by using Table II, the remains
(CgHeS; Clegs, C12H22, 018, CZO, C21 and C30) have been
calculated according to group contribution by using Table 111
in the same book. Moreover, the overall efficiency of each
unit is calculated by the ratio of the exergy rate of desired
outlet stream to that of inlet streams.

3. Results and discussion

The hydrogen network integration is the most important part
of crude oil refinery plant because a lot of units consume the
hydrogen-rich gas as both make-up gas and reactant. The
hydrogen pinch analysis, which creates hydrogen network of
a plant, reduces the hydrogen surplus by matching only the
hydrogen streams. However, other compounds in the stream
are not evaluated. To assess entire compounds, exergy
analysis together with pinch analysis is more powerful
thermodynamic tool in case the presence of various units. The
proposed  hydrogen network in  this study s
thermodynamically analyzed using exergetic approaches.
This study creates the cascaded unit simulation with the help
of main inlet streams and reactions and examines the network
results. The main criteria of simulation were the hydrogen
flow rate per unit feed capacity. While the inlet stream
properties were assumed as unit operating conditions, the
outlet stream were cooled at 30°C and expanded to 6 bars. The
stream data of analysis results are given in Table 4. Even
though the processes were carried out at the moderate and high
operating conditions, the physical exergy flow rates of whole
streams were significantly lower than chemical exergy rates.
The change in composition between inlet and outlet (Table Al
to A3) by reactions considerably effected chemical exergy
rate.

In the proposed network the consumption units of hydrogen
consist of HC, HDS, NHT and 1SO, whereas the production
units are CCR and SMR. The exergy efficiencies of the
production units were calculated as 22% and 43%,
respectively. Their reactions proceeded at the highest
temperature of the network in low and moderate pressure
conditions. In addition, the highest physical and chemical
exergy rates were determined in SMR unit. The desired flow
had the hydrogen molar fraction of 77% (Table Al). It is
predicted that adding purification process data to the
calculation could also tends to change in exergy efficiency
more. Although the hydrogen fraction was not remarked, Silva
and Oliveira calculated the exergy efficiency of SMR as about
77% by using pressure swing adsorption [41]. Contrast to
SMR unit, adjusting the operating conditions of the outlet

stream positively affected the vapor fraction in CCR unit and
caused to increase hydrogen purity (88%).

Considering the hydrogen consumption units, it can be
remarked that HDS units have the lowest exergy efficiency
(24%, 32% and 26%) in the network. In these units, high-
molecular-weight hydrocarbons is cleaned from sulphur
compounds by hydrogen flow, and thus the desired products
can be easily separated from the excess hydrogen flow
contrary to other consumption units. HDS unit also has the
lowest exergy efficiency in a previous study carried out in a
different refinery plant [41]. NHT and 1SO units, that involve
high-quality naphtha in the desired stream, have high
exergetic efficiency because of the absence of hydrogen
recovery in the simulation. Naphtha is involving a mixture of
hydrocarbon components ranging from C; to Ce. In order to
the recovery of hydrogen from this mixture, many refiners
normally use membrane and pressure swing adsorption (PSA)
units. Even though cryogenic recovery is also feasible, the
increased complexity in operating cryogenic units makes it
unfavorable alternative unless recovery of light hydrocarbons
is also desired [5]. If one of these types of recovery systems is
added to the simulation, more practical exergetic efficiency
could be calculated.

Similarly, the exergetic efficiency of HC unit was also
determined as about 99% due to the present of excess
hydrogen in the desired product. Considering the desired
products of HC unit, the reactor outlet streams are cooled in
some exchangers and the vapor and liquid are separated in
high-pressure and low-pressure separators to remove light
ends in fractionation section. The low-pressure liquid is
pumped to the recycle splitter flash drum and after heating in
a furnace, it goes to recycle splitter for producing main
products [36]. By adding this type of fractionation section to
the simulation, the excess hydrogen, naphtha, kerosene, diesel
and gasoline can be separated from the desired outlet stream,
and thus practical exergetic efficiency could also be obtained.
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Table 4. Stream data of exergy analysis results

Stream Temperature Pressure Vapor Mole Flow  Mass Flow Physical Exergy Rate Chemical Exergy Rate Unit Efficiency

Unit info (°C) (bar)  Fraction (kmol/h) (kg/h) (MW) (MW) (%)

CCR In*_ 520 42 1 6.69 690.52 0.14 8.97 2906
Desired Out ** 30 6 1 15.95 104.20 0.02 1.95
In 840 20.6 1 9680.00 155293.92 91.19 223591

SMR In 214 20.6 1 18400.00 331481.15 93.69 4149.64 43%
Desired Out 30 6 1 45504.00 486775.07 53.71 2768.58
In 390 153 0 5.35 2180.45 0.25 28.17

HC In 30 30 1 1659.68 6837.73 3.84 113.04 98%
Desired Out 30 6 1 1664.40 9018.20 1.99 178.27
In 340 35 0 2.23 391.86 0.03 5.10

HDS-1 In 25 35 1 111.54 913.24 0.27 15.72 24%
Desired Out 30 6 0 2.26 387.36 0.00 5.07
In 360 35 0 2.23 591.06 0.06 7.67

HDS-2 In 25 35 1 111.54 913.24 0.27 15.72 32%
Desired Out 30 6 0 2.29 590.49 0.00 7.68
In 360 65 0 17.85 5160.87 0.48 66.80

HDS-3 In 30 65 1 1784.60 9104.67 5.06 184.28 26%
Desired Out 30 6 0 17.79 5126.81 0.00 66.62
In 130 30 0.843 4.46 203.28 0.01 2.74

ISO In 30 30 1 200.77 444,75 0.47 13.67 98%
Desired Out 30 6 1 205.13 648.03 0.25 16.38
In 200 30 1 2.68 193.84 0.01 2.53

NHT-1 In 30 30 1 26.77 73.90 0.06 1.99 99%
Desired Out 30 6 1 29.27 267.74 0.04 4.50
In 200 30 1 6.69 484.61 0.02 6.31

NHT-2 In 30 30 1 66.92 184.75 0.16 4.98 99%
Desired Out 30 6 1 73.17 669.36 0.09 11.25
In 200 30 1 4.46 323.07 0.02 421

NHT-3 In 30 30 1 44.62 123.16 0.10 3.32 99%
Desired Out 30 6 1 48.78 446.24 0.06 7.50
In 200 30 1 2.68 193.84 0.01 2.53

NHT-4 In 30 30 1 93.69 258.64 0.22 6.97 99%
Desired Out 30 6 1 96.19 452.49 0.12 9.51

*"In" represents to inlet stream,
**"Desired Out" represents to desired outlet streams
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4. Conclusions

The proposed hydrogen network was created before by
reducing the hydrogen surplus and matching only the
hydrogen streams. However, in this study the reactor
simulations and the reactions were considered by using exergy
analysis. As a result, the chemical exergy flow rates were
significantly (about 100 times) higher than physical exergy
flow rates. Although the processes were carried out at the
moderate and high operating conditions, the exergy efficiency
of each unit was clearly affected by reactions in it. On the
other hand, the exergy analysis results show that not only the
hydrogen demand of units has to be reduced, but also the
hydrogen recovery is very important for the efficiency of
units. At this point, the purification systems and the new
hydrogen recovery stream can be added to the simulation in
order to obtain higher exergetic efficiencies.
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APPENDICES

Table A.1. The mole fractions of streams for hydrogen production units

CCR SMR

Compounds Inlet Desired Outlet Inlet Inlet Desired Outlet
H2 0.882 0.766
CH4 0.038 1.000 0.021
C2H6 0.030

C3H8 0.017

C5H12-1 0.027

C6H14-1 0.190 trace

C6H12-2 0.010 trace

C6H6 0.003

COo2 0.191
H20 1.000 0.021
C7H14-6 0.210 trace

C8H16-8 0.460 trace

C7H16-1 0.080 trace

C8H18-1 0.050 trace

C7H8 0.002

C8H10-3 0.001
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Table A.2. The mole fractions of streams for hydrocracking and hydrodesulphurization units
HC HDS-1 HDS-2 HDS-3
Compounds |Inlet Inlet Desired Outlet |Inlet Inlet Desired Outlet |Inlet Inlet Desired Outlet |Inlet Inlet Desired Outlet

H2 0.90 0.9890 0.700 0.003 0.700 0.003 0.850 0.004
CH4 0.06 0.0080 0.180 0.006 0.180 0.006 0.090 0.003
H2S 0.0002 0.000 trace trace
C2H6 0.03 0.0020 0.100 0.018 0.100 0.018 0.050 0.009
C3H8 0.01 0.0005 0.020 0.012 0.020 0.012 0.010 0.006
C4H10-1 0.0000

C4H8-4 trace trace trace
C2H6S-1 0.010 trace 0.005 trace 0.005 trace 0.008 trace
C2H6S2 0.010 0.005 trace 0.005 trace 0.008 trace
C4H4S 0.010 0.005 trace 0.005 trace 0.008 trace
C8H6S 0.010 trace 0.005 trace 0.005 trace 0.008 trace
C12H8S 0.010 0.005 trace 0.005 trace 0.008 trace
C8H10-4 trace 0.004 0.004 0.005
C12H22 trace 0.005 0.005 0.008
C9H20-1 0.122 0.113

C10H22-1 0.122 0.118

C11H24 0.122 0.120

C12H26 0.122 0.120

C13H28 0.122 0.121

C14H30 0.122 0.121

C15H32 0.122 0.121

C16H34 0.121 0.120

C21H44 0.960 0.963
C18H38 0.475 0.463

C20H42 0.500 0.487

C30H62 0.950 trace
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Table A.3. The mole fractions of streams for naphtha hydrotreating and isomerization units

1SO NHT-1 NHT-2 NHT-3 NHT-4
Desired

Compounds | Inlet Inlet  Desired Outlet |Inlet Inlet Desired Outlet |Inlet Inlet Desired Outlet |Inlet Inlet Desired Outlet |Inlet Inlet Outlet
H2 0.090 0.90  0.9693 0.700 0.863 0.700 0.863 0.700 0.863 0.700 0.930
CH4 0.191 0.06  0.0124 0.180 0.032 0.180 0.032 0.180 0.032 0.180 0.031
H2S 0.013 0.0003 0.005 0.005 0.005 0.002
C2H6 0.199 0.03  0.0065 0.100 0.010 0.100 0.010 0.100 0.010 0.100 0.009
C3H8 0.057 0.01  0.0017 0.020 0.001 0.020 0.001 0.020 0.001 0.020 0.001
C4H10-1 0.113 0.0008 0.300 0.027 0.300 0.027 0.300 0.027 0.300 0.008
C5H12-1 0.140 0.0006 0.300 0.027 0.300 0.027 0.300 0.027 0.300 0.008
C6H14-1 0.175 0.0007 0.300 0.029 0.300 0.029 0.300 0.029 0.300 0.009
C4H8-4 0.005 trace 0.014 0.001 0.014 0.001 0.014 0.001 0.014 trace
C5H10-1 0.006 trace 0.014 0.001 0.014 0.001 0.014 0.001 0.014 trace
C6H12-2 0.011 trace 0.014 0.002 0.014 0.002 0.014 0.002 0.014 0.001
C6H6 0.018 trace 0.018 trace 0.018 trace 0.018 trace
C2H6S-1 0.020 trace 0.020 trace 0.020 trace 0.020 trace
C2H6S2 0.020 0.020 0.020 0.020
C6H14-2 0.0025
C6H14-5 0.0008
C4H10-2 0.0019
C5H12-2 0.0024
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